Tetracationic porphyrin dyes TMPyP and ZnPyP were intercalated into hydrophobized layered silicate films of three smectites. The smectites represented the layered silicate specimens of high (Fluorohectorite, Corning; FHT), medium (Kunipia F montmorillonite; KF) and low layer charge (Laponite, Laporte; LAP). The molecular orientations of the dye cations were studied by means of linearly-polarized ultraviolet-visible (UV-VIS) spectroscopy. The spectral analysis and consequent calculations of tilting angles of the transition moments at the wavelengths of Soret band transitions were in the range of 25
Introduction
In recent years, organic/inorganic hybrid compounds have been actively investigated due to their unique properties, resulting from the combinations of characteristics of both the organic and inorganic components. One type of such materials is based on intercalated organic guests in layered inorganic hosts. Embedding organic molecules in inorganic solids often provides novel properties due to specific interactions with inorganic surface, chemical and thermal stability of the guest molecules, self-assembling structural properties, control of the molecular orientations and highly functional surface activities (Ogawa and Kuroda, 1995) . One type of such materials, based on layered inorganics and organic dyes, provide unique photofunctional and optical properties. (Yui and Takagi, 2003) .
There has been an increased interest in the organization of porphyrins and related dyes into well-defined molecular architecture because of the possibility of controlling their attractive properties. Here could be mentioned molecular aggregation, changing the properties when interacting with electromagnetic radiation, such as energy or electron transfer, photochemical reactions, etc. (Ogawa and Kuroda, 1995) .
Intercalation of porphyrins into layered solids results in the organization of macrocycles with variable arrangements. There are not many studies on the effect of the inorganic template properties on the organization of porphyrin dyes. The charge density of the host layer, the charge and molecular size of the guest porphyrins are the factors to control their states (Takagi et al., 2002) . Although porphyrins and related dyes are well known for biological, catalytic, electronic, optical, and photoactive properties, there is still much to be done concerning the properties of their intercalation compounds. Therefore, further studies on these materials may lead to new scientific findings and potential applications to which conventional chemical processes have no access. The objective of this work is to investigate the molecular orientation of porphyrin dyes on clay mineral surface with a pre-intercalated hydrophobic surfactant.
Experimental and Discussion
Oriented films of layered silicates, clay minerals of a smectite group FHT, KF and LAP (Czímerová et al., 2004) were prepared by a spin-coating method using 25 mg/5 ml aqueous suspensions of layered silicates on a fused silica substrate. The fused silica slides were transparent in a UV-VIS range at the wavelengths above 200 nm. The slides were treated using Piranha solution (mixture of 70 ml concentrated H 2 SO 4 and 30 ml 35% H 2 O 2 for 30 minutes at 90
• C) before use. The films of the silicates were dried in air. In the were equilibrated in the dye solution under the same conditions as described for the preparation of DTMA/LS films. The prepared films, which contained adsorbed DTMA and porphyrin cations, were washed with ethanol and water and dried for two hours in a vacuum. Similar films were prepared with another dye, Zn(II) complex of the former one (ZnPyP).
Fig. 1 Experimental setup of polarized UV-VIS transmission spectroscopy.
Polarized UV-VIS absorption spectra of thin films were recorded in the region 350-750 nm by V-550DS (JASCO Co. Ltd.) using a JASCO polarizer (RSH-452) at 400 nm/min scanning speed. Figure 1 shows a simplified scheme of the measurement setup. X-polarized light, having an electric vector parallel to the X-axis (horizontally polarized incident light), and Y -polarized light, having an electric vector parallel to the Y -axis (vertically polarized incident light), were introduced into a specimen and absorption intensities were corrected for substrate and host material absorption to obtain absorption intensity due to porphyrin chromophores. The spectra were recorded varying the angle between the surface normal of the film specimen and the direction of the light propagation (angle α) ( Figure 1 ) from −40
• to +40
• in 10 • steps. Series of the spectra were recorded using both the X− and Y −polarized light. The orientation angles were determined by calculation using the orientational property of electromagnetic radiation, namely based on the dependence between light absorption and orientation of transition moments. In general, the probability of the transition due to photon absorption is proportional to cos 2 Θ, where Θ represents the angle between the electric vector of the radiation and the orientation of transitional moment. Maximum absorption probability occurs when the vectors are parallel and the probability approaches zero, when transitional moment is perpendicular to the electric vector of radiation. The dichroic ratios (R) were calculated for each measured wavelength from 350 to 750 nm according to the formula: 
The least squares method using the data of R(λ i , α j ) (where λ i = 350 -750 nm and
• ) was applied for the calculation of the angle γ. The least squares method calculation was performed on the basis of the functional relation between R, α and γ in equation 2. Hence, the angles between the silicate surface and the transition moment orientation of the porphyrin molecule can be expressed as: ). There have been also interpretations that take into account the formation of molecular assemblies, driven mainly by van der Waals intermolecular forces. The changes of the electronic properties of the dye are further supported by different spectral characteristics in the range of Q-bands, which represent forbidden transitions in the wavelength range of 500 -700 nm. Similar trends of spectral changes were observed for the systems of other layered silicates LAP and FHT (not shown).
Series of the spectra recorded using polarized light under the various orientation of the film with respect to the radiation propagation were used for the calculation of the orientation of the transition moments. Relatively small amounts of the dye were adsorbed in the silicate films, which had been pre-modified with the surfactant DTMA to calculate orientations of the transitions in the whole spectral range. Therefore, only allowed transitions, namely at a Soret band at about 400 -500 nm range, were used for the calculation. At the range of Q-bands, background, absorption and scattering from the silicate would interfere with changes of light absorption due to variation of the film orientation.
According to the data of linearly polarized UV-VIS spectra, the determined angles indicate that transition moments of chromophores exhibit slightly tilted orientation with respect to the surface of the silicates. The estimated angles were in range of 25
• -35
• in the region of a Soret band region and did not significantly change in this spectral range (Fig. 3) . Since transition moments are located in the ring of the macrocycle, the orientation of the transition moment reflects in a good approximation the molecular orientation of the dye cation on the silicate surface. Almost parallel orientation of the dye cation would be easily interpreted in terms of molecular structure of the dye. Four positively charged groups located in four corners of the dye cation would dominantly contribute to the interaction with the silicate surface. The electrostatic attraction between the dye cation and negatively charged basal oxygen atoms at the silicate surface would lead to a flat orientation of the molecules. Similar arrangement were assumed to occur in other porphyrin/clay mineral systems Eguchi et al., 2004) , but the films studied in this work also contained intercalated cations of the surfactant DTMA besides the dye cations. The presence of the surfactant did not significantly alter the arrangement of the dye, taking into account parallel orientation in the systems without a surfactant. In case of the system containing FHT, the estimated angles were slightly higher. We assume that this deviation can be attributed to the high charge density of this silicate. It is well known that the amount of intercalated alkylammonium cations significantly increases with the charge density of a clay template. Furthermore, the molecular arrangement of the alkyl chains in the interlayer spaces (mono-, bi-and trimolecular layers) depends much on both the alkylammonium size and the charge density of clay mineral. Large density of the negative charge induces intercalation of larger amounts of the cationic surfactant leading to larger expansions of the interlayer spaces. Due to steric effects, the arrangement of the dye cations may be slightly changed with respect to the clay surface compared to the systems without the surfactant. Another interpretation of the partially larger orientation angles in the FHT film could be due to change of the molecular comformation of the dye cation. Also this interpretation could be explained in a similar way: the arrangement of the alkylammonium cations and formation of the micelles with pseudotrimolecular structure in the interlayer spaces occurred due to large density of the charge. Larger expansion of the interlayers provides chemically specific absorption sites for the adsorption of the dye cations, allowing other comformers with a less planar structure. Experiments with TMPyP were extended to the preparation of analogous films, where the dye was replaced with a Zn(II) complex of TMPyP in the center of the porphyrin macrocycle, ZnPyP. Neither optical properties nor molecular orientation of the dye were changed with respect to the characteristics of the films with TMPyP and therefore they are not introduced in detail here.
Conclusions
The molecular orientation of porphyrin dyes embedded in layered silicate films was found to be almost parallel to the plane of the silicate surface. There is no substantial effect of the clay mineral template on the dye molecular orientation. Only partially different orientation was observed for the film with FHT, silicate, characterized by high charge density. Hydrophobic clay minerals with adsorbed dye cations can be potentially used as bases for the development of optical anisotropic materials. The coexistence of hydrophobic surfactant does not interfere with the optical properties of the dye; but it provides the properties necessary for some potential application. Future studies will focus on systems with more chromophores coexisting in the films for studying an anisotropical energy transfer of the electromagnetic radiation in the films on the molecular level. Specific and controlled arrangement of the chromophores would guarantee efficient energy transfer yield and anisotropy. The chosen systems with optimal properties will then be used as filler materials for polymers to construct the polymer nanocomposites with interesting optical properties.
